Mutations in the GJB2 gene, which encodes the gap junction protein connexin 26 (Cx26), are the primary cause of hereditary prelingual hearing impairment. Here, the p.Cys169Tyr missense mutation of Cx26 (Cx26C169Y), previously classified as a polymorphism, has been identified as causative of severe hearing loss in two Qatari families. We have analyzed the effect of this mutation using a combination of confocal immunofluorescence microscopy and molecular dynamics simulations. At the cellular level, our results show that the mutant protein fails to form junctional channels in HeLa transfectants despite being correctly targeted to the plasma membrane. At the molecular level, this effect can be accounted for by disruption of the disulfide bridge that Cys169 forms with Cys64 in the wild-type structure (Cx26WT). The lack of the disulfide bridge in the Cx26C169Y protein causes a spatial rearrangement of two important residues, Asn176 and Thr177. In the Cx26WT protein, these residues play a crucial role in the intra-molecular interactions that permit the formation of an intercellular channel by the head-to-head docking of two opposing hemichannels resident in the plasma membrane of adjacent cells. Our results elucidate the molecular pathogenesis of hereditary hearing loss due to the connexin mutation and facilitate the understanding of its role in both healthy and affected individuals.
Introduction
Twenty-one genes in the human genome encode connexin proteins (indicated with the abbreviation Cx followed by their molecular weight in kiloDalton; e.g. Cx26 for the 26 kDa isomer) with similar structure (1) . Connexins are post-translationally oligomerized to form hexameric assemblies, known as connexons or hemichannels, prior to membrane insertion either within the endoplasmic reticulum or in the trans-Golgi network. Connexin hemichannels are then trafficked to the plasma membrane where the head-to-head docking of two hemichannels from adjacent cells promotes the formation of an intercellular channel with a pore diameter typically >1 nm (2, 3) . Tens of thousands of such channels aggregate in a gap junction plaque, allowing cellto-cell diffusion of ions and selected metabolites, including second messengers, amino acids, nucleotides and glucose (4) (5) (6) . The importance of electrical and molecular signaling through gap junction channels is widely recognized (4, 7) . Plasma membrane hemichannels that remain undocked are thought to rest in a predominantly closed state. However, they may open transiently in response to a wide range of stimuli permitting the controlled release of cytoplasmic ATP, glutamate, NAD+, prostaglandin E2, glutathione and other paracrine messengers (7) , which are also critical for intercellular communication and the regulation of key inflammatory responses (8) .
Consistent with the widespread expression of connexins in virtually any organ, mutations leading to change in properties, regulation or expression of connexin-made channels (i.e. hemichannels and gap junction channels) have been implicated in a variety of human diseases, including neuropathies due to demyelination of peripheral axons, idiopathic atrial fibrillation, visceroatrial heterotaxia, cataracts, oculodentodigital dysplasia, skin disorders and hearing impairment. Up to 50% of prelingual hearing impairment cases, with peaks reaching 79% among Mediterraneans, have been linked to mutations in GJB2, the gene encoding Cx26. This 226-amino acid protein is highly expressed by non-sensory cells of the inner ear, together with structurally related connexin 30 (Cx30) (9, 10) . More than 200 GJB2 mutations, typically autosomal recessive, have been linked to hereditary hearing loss (11, 12) . Cx26 is also expressed in the skin and 18 GJB2 mutations, mostly autosomal-dominant (which typically produce functional hemichannels with aberrant properties), have been linked to syndromic deafness associated with dermatological manifestations that can be highly invalidating or disfiguring (13) . The only structure resolved at near-atomic resolution (3.5 Å) is that of a (homomeric homotypic) gap junction channel formed by human Cx26 protomers (2) .
Mutations of connexin expressing genes can affect connexin hemichannels or gap-junction channels in several ways. Thus, early truncation of the protein cause profound hearing loss, whereas missense mutations present more variable phenotypes since they can modify the trafficking, the docking between hemichannel, the permeation or conductance properties of the channels or their gating properties (14, 15) . However, assessing the pathogenic role of a mutation is not necessarily straightforward, and GJB2 is no exception.
The p.Cys169Tyr variant of Cx26, first described by Azaiez et al. (16) , provides an example in which the effects of a single point mutation have not been immediately understood. The lack of segregation with a hearing phenotype in some trios and large families prompted its classification as a polymorphism (17) , and as such, it is currently listed in online databases (e.g. http:// web.expasy.org/variant_pages/VAR_009968.html).
However, the p.Cys169Tyr allele has been recently singled out in a consanguineous Arabian family from the Middle East; based on the use of in silico predictor tools, p.Cys169Tyr has been assumed as causative (18) . Here, we extended the analysis of this mutation in the attempt to clarify its possible role and controversial issues associated with the available data.
Results
Sanger sequencing analysis of two Qatari families (a and b) performed on the most common worldwide non-syndromic hereditary hearing loss genes (GJB2, GJB6 and A1555G mitochondrial mutation) revealed the presence of the c.A506G mutation in the GJB2 gene, which causes the substitution of a cysteine amino acid with a tyrosine residue at position 169 of the Cx26 protein (Cx26C169Y). Family a, previously described in (17) , presented with partial lack of segregation of the p.Cys169Tyr mutation. Briefly, both parents (obligate carriers) showed normal hearing, while the four siblings presented moderate-to-severe hearing loss (Fig. 1) . Three patients (II-1, II-2 and II-3) are homozygous for this allele, while Patient II-4, characterized by severe hearing loss, is heterozygous, lacking a second GJB2 mutated allele. Similarly to Patient II-4 just described in Family a, also in Family b (a trio), the proband is heterozygous for this allele as well as the normal hearing father (17) . Although this variant was described by several in silico predictor tools [i.e. MutationTaster (19) , Polyphen-2 (20) and SIFT (21)] as highly damaging, there was no clear genotype-phenotype relationship in both families. To further understand these findings, the largest family (a) was included in a greatly extended screening of 18 Qatari families aimed at the identification of novel alleles/genes using Linkage analysis and whole-exome sequencing (WES). Linkage analysis (following an incomplete penetrance model) revealed a positive signal only on chromosome 13 in the GJB2 region, while WES identified the p.Cys169Tyr mutation as the only possible causative allele. Within this large screening, another consanguineous trio (Family c) carrying the same surname and showing the same phenotype (moderate-to-severe sensorineural bilateral hearing loss) presented the p.Cys169Tyr mutation of Cx26 segregating with the disease. Considering that the Qatari population is organized in tribes, the presence of the same surname and the same disease strongly suggests that these two families are closely related to each other. Altogether these findings suggest a possible causative role of the p.Cys169Tyr variant of Cx26.
Cx26 immunolabeling performed in Hela cell transfectants suggest that Cx26C169Y mutant connexons fail to form gap junctional plaques
To understand at which level the p.Cys169Tyr mutation affects the Cx26 protein, we transiently transfected Hela DH cells with either wild-type or mutant constructs and performed immunostaining with antibodies against Cx26 (Fig. 2) . In cells overexpressing Cx26WT proteins, gap junction plaques were seen at points of cell-to-cell contact, with limited intracellular staining. In contrast, in HeLa DH cells overexpressing mutant Cx26C169Y proteins, the immunofluorescence signal exhibited a predominantly diffuse and cytoplasmic localization, with limited staining at the plasma membrane level. The analysis of confocal through-focus image sequences (z-stacks) highlighted the presence of mature junctional plaques connecting adjacent cells in the Cx26WT transfectants ( Fig. 2A-D ). Plaques were not observed in the mutant transfectants ( Fig. 2F-I ). Altogether, these results suggest that a (fraction of the) Cx26C169Y hemichannels are correctly targeted to the plasma membrane, but fail to dock to each other in neighboring cells, thus preventing the formation of gap junction channels.
Molecular dynamics simulations show significant alteration of the extra cellular domain in the Cx26C169Ymutant connexon
To corroborate the hypothesis that the p.Cys169Tyr mutation prevents the formation of Cx26 intercellular channels, we used molecular dynamics simulations (22) (23) (24) . In the extracellular region of the Cx26WT protein, Cys169 forms a (strong covalent) disulfide bond with Cys64, which keeps the distance between the two sulfur atoms at 2.05 A. In the Cx26C169Y protein, the p.Cys169Tyr substitution makes the formation of this bond impossible and produces an alteration in the distance between residues 64 and 169 (Fig. 3) . The distance between the α carbons of these residues, averaged over the six connexin subunits of the connexon, was derived from 100 ns of equilibrium molecular dynamics and plotted as a function time in Figure 4 (left). Figure 4 (right) shows frequency histograms of distance distributions for the wild-type and the mutant connexon. The p.Cys169Tyr substitution modifies the mean value and the variance of these distributions, from 5.9 ± 0.2 Å for the wild-type to 6.6 ± 0.1 Å for the mutant. Although small, this difference (i) is statistically significant (P < 0.0001, Student's t-test) and (ii) alters the structure of the hemichannel in the extracellular region ( particularly the E2 loop). Visual inspection of the molecular dynamics trajectories revealed a remarkable deformation affecting two of the proteins of the hexameric assembly. Albeit less pronounced, deformations were detectable also in the remaining four connexins.
To keep track of this diversity, we analyzed the trajectory of each protomer independently. First, we clustered the trajectory of the six connexins as described in the Materials and Methods section. Then, for each connexin, we selected one configuration for the mutant and two configurations for the wild-type as the most representative of their respective trajectories. We finally computed the root mean squared deviation (RMSD) of the atoms in the main chain of the seven residues (Asn54, Leu56, Gln57, Lys168, Asn176, Thr177, Asp179) that are considered responsible for the extracellular docking of the two connexons (2), taking the corresponding coordinates of the 3.5 Å X-ray crystallographic structure as reference. Compared with Cx26WT, the positions of these crucial residues in Cx26C169Y depart significantly more from those taken as reference (Fig. 5) . The difference is caused by the displacement of the E2 loop in three of the six connexins. Indeed, if we concentrate only on residues Asn176 and Thr177, it is clear that the RMSD in three of the six mutant connexin exceeds 2.5 Å (Fig. 5, red diamonds) , whereas the maximum RMSD in the wild-type is ∼1.5 Å (Fig. 5, blue squares) . We conclude that such departure from the crystallographic positions hinders the correct docking of the connexons and prevents the formation of a full gap junction channel.
Discussion
As is well known, not everyone with a given pathological mutation will eventually develop a related disease. One of the possible explanations could be reduced penetrance, but also the presence of modifier genes or other unknown elements in the genome may play a role (25) . On the other hand, there is a large collection of variants of unknown significance occurring in patients. To assess the pathogenic role of these mutations, prediction tools are limited, in that they can only estimate the potential impact of a specific variation.
With specific regard to hereditary hearing loss, the analysis of several families has revealed a lack of segregation of a given allele with the clinical status (i.e. carriers who are in some cases healthy in others affected).
For example, the p.Met34Thr missense mutation of Cx26 was described first as an autosomal-dominant mutation (26) , consistent with a subsequent study that reported to exert a dominantnegative effect over Cx26WT in Xenopus oocyte assays (27). p.Met34Thr was then re-classified as a polymorphism on the basis of contrasting functional data and lack of segregation with a hearing phenotype in some families (28) . Subsequent work combining genetic, clinical, biochemical, electrophysiological and structural modeling studies, contributed to re-affirm the pathogenicity of this allele (22, 29) . Similarly, the p.Val37Ile variant of Cx26 has been initially reported as non-pathogenic. However, further analyses have documented an association of this variant with mild hearing loss in 9 of 10 genotypic combinations (30), in accord with other studies of the allele (31-35) .
The p.Cys169Tyr variant of Cx26 analyzed here was also found to segregate only in some families/cases despite being classified as highly damaging by in silico predictor tools. Among the families we analyzed (a, b and c), the genotype-phenotype discordance and the results of our combined approach (Linkage and WES studies) showing p.Cys169Tyr of Cx26 as the only causative variant, prompted us to further investigate its role.
Cys169 is one of the six extracellular cysteine residues which are conserved in all connexin isoforms. These six cysteines form three disulfide bridges, which are likely to play an important role in guiding the correct folding of the connexin protein and the docking of the two hexameric hemichannels in the extracellular region. In the closely related connexin 32 protein (Cx32), the substitution of Cys64, which forms the disulfide bridge with Cys168 (the analogous of Cys169 in Cx26), with a serine generates a mutant protein that fails to form gap junction channels, even though it is correctly targeted to the cell membrane (36) . Substitution of any one of the six cysteines to serine in Cx32 resulted in loss of channel conductance in paired Xenopus oocyte experiments (37, 38) .
Our experimental data, based on immunofluorescence of connexin proteins in HeLa DH cell transfectants (Fig. 2) , strongly suggest that the mutated protein is correctly trafficked to the plasma membrane but fails to form gap-junction plaques, confirming that the extracellular cysteine pattern is fundamental for the docking of opposing hemichannels. The publication of the Cx26 full channel X-ray structure (2) , and subsequent molecular dynamics simulations (24) demonstrated that the extracellular domain is rather stable. The pattern of disulfide bonds generated by the six cysteine residues present in the extracellular loops of Cx26 is clearly central to maintaining structural stability of this domain.
The analysis of molecular dynamics trajectory presented in this paper supports the notion that the p.Cys169Tyr mutation hinders the docking of Cx26 hemichannels by altering protein structure in the extracellular domain. In particular, we predict a significant displacement of two of the seven amino acids that are responsible for hemichannel docking, namely Asn176 and Thr177. It is worth noting that this alteration is not identical in all six connexins composing this hemichannel (Fig. 5) and, in some of the protomers, the structure remains virtually unaltered. We suspect that this discrepancy is due to the relative shortness of the simulated time span, and that a longer simulation would lead to similar configurations in all six connexins. In this vein, although a 100 ns molecular dynamics simulation is sufficient to re-equilibrate a protein structure in the proximity of a local energy minimum, detecting a structural rearrangement may require a longer simulation interval. Nonetheless, our results strongly suggest the extracellular domain of Cx26 is compromised by the p.Cys169Tyr mutation. In the absence of a co-expressed Cx26WT protein, or possibly another connexin (e.g. Cx30), the conformational change will eventually prevent correct docking of opposing hemichannels.
In conclusion, we believe that the approach used here elucidates the molecular pathogenesis of hereditary hearing loss and facilitates the understanding of the p.Cys169Tyr variant of Cx26 in both healthy and affected individuals. These results may pave the way to similar analyses of other diseases involving gap junction proteins.
Materials and Methods

Molecular genetics and audiometry
A series of consanguineous Qatari families were enrolled through the registry of the National Screening Program for the Early Detection of Hearing Loss (NSP-EDHL) at the Audiology Unit of Hamad Medical Hospital in Doha, Qatar. All patients provided written informed consent prior to DNA analysis and in the case of children, the consent was given by the parent/legal guardian. Hearing tests were performed through tonal audiometry using air conduction at 250, 500, 1000, 2000, 4000, 6000 and 8000 Hz. A clinical and dysmorphological examination of the patients was carried out to exclude non-genetic causes of hearing impairment. All analyzed patients were characterized by non-syndromic, congenital, sensorineural bilateral mild to severe hearing loss. Figure 5 . The p.Cys169Tyr mutation of Cx26 perturbs also residues that are considered critical for hemichannel docking and formation of a full gap junction channel. The six left panels show the orientation of side chains of residues Asn176 and Thr177 in the six connexins of the most representative configurations of wild-type (blue) and mutant (red) hemichannels. Structural alteration in the extracellular loop due to the absence of one of the disulfide bridges alters the position of the side chains of these two critical residues in the mutant hemichannel, which are thought to be responsible of the formation a full gap junction channel. The six panels are ranked in order of increasing RMSD of α carbons of Asn176 and Thr177 from the crystal structure of (2). The RMSD values for these two residues are reported in the graph of the right (blue squares for Cx26WT, red diamonds for Cx26C169Y), together with those of all the seven residues that have been identified as responsible for the docking in (2): Asn54, Leu56, Gln57, Lys168, Asn176, Thr177, Asp179 (black triangles for Cx26WT, green circles for Cx26C169Y). The positions of residues Asn176 and Thr177 are the most affected by the mutation. The values reported for Cx26WT are weighted averages over the two most representative configurations, as explained in the Materials and Methods section.
DNA was extracted from peripheral blood collected in EDTA-containing tubes (Qiagen, USA). The promoter, the coding region and part of intron 1 (IVS1+1 G to A and -3170 G to A) were tested for mutations through PCR and Sanger sequencing. The presence of GJB6 deletion (D13S1830) and the mitochondrial A1555G mutation were also tested.
Molecular cloning and mutagenesis
The coding region of the wild-type Cx26 was directionally cloned into the pIRES2 DsRed-Express2 vector between the XhoI/EcoRI restriction sites. The point mutation c.506G>A, leading to p.Cys169Tyr, was inserted by site-directed mutagenesis of the wildtype construct using the QuikChange Site-Directed Mutagenesis Kit (Agilent, Catalog # 200518). The mutagenesis protocol was performed using the manufacturer instructions and the following primers:
C169Yfor 5′-GCAGCGGCTGGTGAAGTACAACGCCTGGCCTTG-3′ C169Y rew 5′-CAAGGCCAGGCGTTGTACTTCACCAGCCGC TGC-3′.
The presence of the point mutation in the coding sequence was verified by sequencing. No additional mutations were detected. 
Cx26 immunoreactivity in Hela cells
Molecular dynamics simulations
We already generated and published (24) a molecular dynamics model of a Cx26WT connexon in which the initial α carbon (C α )
positions were derived from the 3.5 Å X-ray crystallographic structure ( protein data bank entry 2ZW3 (2)). Here, we generated a model of the Cx26C169Y mutant connexon from an equilibrium configuration of the Cx26WT model. To this end, we replaced Cys169 with a tyrosine in each of the six connexin protomers using the mutate tool of the Swiss PDB-Viewer (39) . We then inserted the mutant connexon in a plasma membrane formed by 494 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) molecules, as described in Pantano et al. (40) . To speed up convergence of the interactions between proteins and membrane, coordinates for the original phospholipid bilayer were obtained from an equilibrium configuration of the membrane model described in (41) . The system was then solvated with full-atom TIP3P water. Finally, Cl − and K + ions were added at a concentration of ∼0.15  to neutralize the positive net charge of the connexon and to mimic a physiological ionic strength. For both Cx26WT and Cx26C169Y models, the entire system comprised > 2 × 10 5 atoms and was equilibrated by a 100 ns molecular dynamics simulation using the GROMACS 4.6 software (42) and the Amber03 force field (43) in the NPT ensemble. As previously noted (22) (23) (24) , a 100 ns simulation is sufficient to achieve a reasonably stable state. Temperature T and pressure P were kept constant, at 300 K and 1 atm, respectively, using the Berendsen thermostat and barostat (44) . Fast smooth Particle-Mesh Ewald summation (45) was used for long-range electrostatic interactions, with a cut-off of 1.0 nm for the direct interactions. Simulations were performed under periodic boundary conditions using unitary boxes of 12 × 12 × 11 nm for both systems, consistent with the channel density measured in a Cx26 gap-junction plaque by atomic force microscopy (46).
Clustering of atomic configurations
A consolidated technique used to analyze long molecular dynamics trajectory and reduce data complexity while retaining the relevant information consists in clustering atomic configurations using suitable metrics (47) . Here, clusters were obtained with the g_cluster tool of GROMACS 4.6 by restricting the analysis to the two extracellular loops (residues 41-75 and 155-192) of the six different connexins. Each cluster contained all the configurations for which the RMSD of the corresponding main-chain atoms was ≤1.1 Å. For the Cx26C169Y model, the single most important cluster contained 69.8% of the MD trajectory. For the Cx26WT model, instead, we obtained two principal clusters representing 46.0 and 17.0% of the configurations, respectively.
The mean values of the observables reported in the Results section for Cx26WT are weighted averages of these two clusters, with weights proportional to the percentage of trajectory covered.
